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Avian-specific toxic equivalency factors (TEFs) were developed by theWorld Health Organization to simplify envi-
ronmental risk assessments of dioxin-like compounds (DLCs), but TEFs do not account for differences in the toxic
and biochemical potencies of DLCs among species of birds. Such variabilitymay be due to differences in species sen-
sitivity to individual DLCs. The sensitivity of avian species to DLCswas recently associatedwith the identity of amino
acids 324 and 380 in the aryl hydrocarbon receptor 1 (AHR1) ligand binding domain. A luciferase reporter gene
(LRG) assay, measuring AHR1-mediated induction of a cytochrome P450 1A5 (CYP1A5) reporter gene, in combina-
tion with a species' AHR1 ligand binding domain sequence, were also shown to predict avian species sensitivity to
polychlorinated biphenyls (PCBs) and PCB relative potency in a given species. The goals of the present studywere to
(1) characterize the concentration-dependent effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin and PCBs 126, 77, 105
and 118 on induction of ethoxyresorufinO-deethylase (EROD) activity andCYP1A4/5mRNA in chicken, ring-necked
pheasant and Japanese quail embryo hepatocytes and (2) compare these in vitro results to those previously gener-
ated by the LRG assay and in ovo toxicity studies. EROD activity and CYP1A4/5 mRNA expression data support and
complement the findings of the LRG assay. CYP1A enzyme activity and mRNA expression were significantly corre-
lated bothwith luciferase activity and in ovo toxicity inducedby PCBs. Relative potency valueswere generally similar
between the LRG and EROD assays and indicate that the relative potency of some PCBs may differ among species.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Dioxin-like compounds (DLCs), which include polychlorinated
dibenzo-p-dioxins, polychlorinated dibenzofurans and certain poly-
chlorinated biphenyl (PCB) congeners, are a group of structurally-
related chemicals that cause toxicity subsequent to binding and activa-
tion of the aryl hydrocarbon receptor (AHR) (Denison et al., 2011; Okey,
2007). Because polychlorinated dibenzo-p-dioxins, polychlorinated di-
benzofurans and PCBs exist as complex mixtures of congeners within
environmental and biological samples, the toxic equivalent (TEQ)
approach was developed by the World Health Organization (WHO) to
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simplify risk assessment of DLC mixtures (van den Berg et al., 1998).
Under this framework, toxic equivalency factors (TEFs) are used to rep-
resent the toxic potency of a DLC relative to 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD). Relative potency (ReP) values from the literature
were evaluated by an expert panel to derive TEFs specific to mammals,
fish and birds for each DLC (van den Berg et al., 1998); however, these
TEFs do not consider differences in DLC potency among species within
these classes of animals. For example, 2,3,4,7,8-pentachlorodibenzofuran
(PeCDF) is equipotent to TCDD in the chicken (Gallus gallus domesticus)
but it is up to 6 and 30 times more potent than TCDD in the
ring-necked pheasant (Phasianus colchicus) and Japanese quail (Coturnix
japonica), respectively (Cohen-Barnhouse et al., 2011; Farmahin et al.,
2012; Hervé et al., 2010).

Differences in the relative potency of PeCDF observed among species
are likely related to differences in species sensitivity to individual DLCs, as
Japanese quail embryos were 45 times less sensitive to TCDD but only 7
times less sensitive to PeCDF when compared to chicken embryos
(Cohen-Barnhouse et al., 2011). Avian species sensitivity to DLCs has
been associated with the identity of amino acids at sites 324 and 380
within the AHR1 ligand binding domain (Farmahin et al., 2012;
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Karchner et al., 2006), and the results of AHR1 ligand binding domain
sequencing of 86 species of birds indicates that species can be divided
into three main groups based on their AHR1 genotype: type 1
(Ile324_Ser380), type 2 (Ile324_Ala380) and type 3 (Val324_Ala380)
(Head et al., 2008; Farmahin et al., in press).

In vitro measures of AHR1 activation, such as cytochrome P4501A
(CYP1A) induction, are good predictors of overt DLC toxicity (Head
andKennedy, 2010). Relative to egg injection studies, the use of primary
avian hepatocyte cultures for measuring CYP1A enzyme activity or
mRNA expression significantly reduces the number of animals required
for testing the effects of DLCs. A luciferase reporter gene (LRG) assay,
which measures AHR1-mediated induction of a CYP1A5 reporter gene,
in combinationwith the knowledge of a species' AHR1 genotype has re-
cently been shown to predict DLC toxicity in potentially any avian spe-
cies and requires the lethal sampling of even fewer individuals than in
vitro hepatocyte screening studies (Manning et al., 2012; Farmahin et
al., in press).

The goals of the present study were (1) to characterize the
concentration-dependent effects of TCDD and PCBs 126, 77, 105 and
118 on induction of ethoxyresorufin O-deethylase (EROD) activity and
CYP1A4/5 mRNA expression in primary hepatocyte cultures from three
domestic species representative of eachmajor AHR1 type, namely chick-
en (type 1), ring-necked pheasant (type 2) and Japanese quail (type 3),
and (2) to calculate relative species sensitivity and relative PCB potency
among the three species for comparison with results from the LRG
assay (Manning et al., 2012) and in ovo toxicity studies from the litera-
ture. In addition, it was previously suggested that contamination of
mono-ortho PCB solutions with more potent AHR agonists results in
overestimation of their ReP values (Peters et al., 2006; van den Berg
et al., 2006). Therefore, the effects of reagent-grade andpurified solutions
of PCB 105 and 118 on EROD activity and CYP1A4/5 mRNA expression
were also compared.

Materials and methods

Purification of mono-ortho PCBs

A complete description of the purification of PCB 105 and 118 is pro-
vided elsewhere (Manning et al., 2012). In brief, purified crystalline,
reagent-grade samples of PCB 105 and 118, hereafter referred to as PCB
105-RG and 118-RG, were obtained byWellington Laboratories (Guelph,
ON, Canada) and analyzed by high resolution gas chromatography/low
resolution mass spectrometry (HRGC/LRMS) to confirm their identity
and purity. PCB 105-RG and 118-RGwere purified by thin layer chroma-
tography and carbon column chromatography to obtain purified crystal-
line samples of PCB 105 and 118, hereafter referred to as PCB 105-P and
PCB 118-P.

Preparation and analysis of TCDD and PCB solutions

Chicken and Japanese quail studies. Serial dilutions of PCB 105-P,
118-P (Wellington Laboratories; >99% pure; lot number 060611), 105-
RG, 118-RG and 126 (Wellington Laboratories; >99% pure; lot number
031711) were prepared from dimethyl sulfoxide (DMSO) stock solutions
with a nominal concentration of 196 μg/ml. Actual concentrations were
202.8, 207.2, 196.9, 198.9 and 205.3 μg/ml for PCB 105-P, 105-RG, 118-
P, 118-RG and 126, respectively. Identification and quantification of
PCBs were performed by HRGC/LRMS as described in Manning et al.
(2012). PCB 105-P, 118-P, 105-RG and 118-RG solutions were spiked
with 13C-labelled PCDD, PCDF and PCB surrogates and analyzed by
high resolution gas chromatography/high resolution mass spectrometry
(HRGC/HRMS) by use of isotopic dilution in order to test for the presence
of PCDDs, PCDFs and coplanar PCBs. Where present, the PCDDs, PCDFs
and PCBs were quantitated by internal standard methods.

A detailed description of the preparation and analysis of TCDD stock
solutions is provided elsewhere (Hervé et al., 2010). Serial dilutions of
TCDD were prepared from a DMSO stock solution with a nominal con-
centration of 80 μg/ml. Identification and quantification of TCDD in the
stock solution were determined by isotope dilution following EPAMeth-
od 1613 by use of HRGC/HRMS. The measured concentration of TCDD
was 72.9 μg/ml. Serial dilutions of PCB 77were prepared from a stock so-
lutionwith a nominal concentration of 121 μg/ml. The PCB 77 stock solu-
tion was prepared by dissolving 0.48 mg of PCB 77 (ULTRA Scientific,
Kingstown, RI, USA; >99% pure; lot number A-0094) into 4 ml of DMSO.

Ring-necked pheasant study. Serial dilutions were prepared from
TCDD, PCB 126, PCB 77, PCB 105-RG and PCB 118-RG stock solutions.
The TCDD and PCB 77 stock solutions used in the chicken and Japanese
quail studies were also used in the ring-necked pheasant study. PCB
105-RG (AccuStandard, New Haven, CT, USA; lot # 101905AG-AC; pu-
rity stated to be 100%), PCB118-RG (AccuStandard; lot # 032494; purity
stated to be 100%) and PCB 126 (AccuStandard, lot #061204MS-AC;
99.7% pure) were weighed (0.5–1.0 mg) and stock solutions were pre-
pared in DMSO. The nominal concentrations of the stock solutions were
83, 160 and 153 μg/ml for PCB 105-RG, 118-RG and 126, respectively.

Preparation and dosing of cultured hepatocytes

Primary cultures of hepatocytes were prepared from avian embryos
usingmethods described elsewhere (Kennedy et al., 1995) and included
subsequent modifications (Head and Kennedy, 2007b; Kennedy et al.,
2003). All procedures were conducted according to protocols approved
by the Animal Care Committee at the NationalWildlife Research Centre.
Reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise specified.

Fertilized, unincubated chicken, ring-necked pheasant and Japanese
quail eggs were obtained from the Canadian Food Inspection Agency
(Ottawa, Ontario, Canada), Couvoir Simetin (Mirabel, QC, Canada) and
Crazy Quails (Oshawa, Ontario, Canada), respectively. Eggs were incuba-
ted at 37.5 °C and 60% relative humidity until 1–3 days prehatch (19, 23
and 16 days for chicken, ring-necked pheasant and Japanese quail, re-
spectively). Eggs were candled periodically and infertile eggs or eggs
containing dead embryos were discarded. In brief, 61 chicken, 51
ring-necked pheasant and 125 Japanese quail embryos were euthanized
by decapitation, and livers were removed, pooled and digested with col-
lagenase (Head et al., 2006). Percoll (Amersham Bioscience, Uppsala,
Sweden) density gradient centrifugation was used to separate erythro-
cytes fromhepatocytes, and DNAse (Roche, Laval, Quebec, Canada) treat-
ment was carried out to prevent cell clumping. Cells were plated in
48-well culture plates by adding 25 μl of the cell suspension to 500 μl
of cell culture medium 199, supplemented with insulin (1 μg/ml) and
thyroxine (1 μg/ml), and incubated for 24 h at 37 °C in a humidified in-
cubator with 5% CO2. After 24 h, cells were treated in triplicate with
in-well concentrations of TCDD ranging from 0.0003 to 10 nM, and con-
centrations of PCB 126, 77, 105 and 118 ranging from 0.03 to 3000 nM.
After another 24 h incubation period, plates to be used for real-time
quantitative PCR (QPCR) analysis were flash-frozen in powdered dry
ice and stored at −80 °C until the time of analysis. Plates used for
EROD assays were rinsed with approximately 200 μl/well of phosphate-
buffered saline-ethylenediaminetetraacetic acid (PBS-EDTA) prior to
being flash-frozen.

Cell viability

Cell viability was determined using the Calcein-AM assay as per the
manufacturer's instructions (Invitrogen-Molecular Probes, Eugene, OR,
USA). Vehicle (DMSO)-treated cells were included as a positive control
and 99% ethanol-killed cells were used as a negative control. A working
solution was prepared by adding 3 μl of Calcein-AM to 10 mL of PBS-
EDTA. The culture medium was removed and 200 μl of the Calcein-
AM solution was added to each well. Plates were incubated in the
dark for 45 min at room temperature and fluorescence was then



40 G.E. Manning et al. / Toxicology and Applied Pharmacology 266 (2013) 38–47
measured using a Cytofluor 2350 (Millipore, Bedford, MA, USA) fluores-
cence plate reader with a 485 nm excitation wavelength and a 530 nm
emission wavelength. Mean cell viability was assessed after 24 h expo-
sure for the range of concentrations administered for each compound.

Ethoxyresorufin O-deethylase (EROD) assays

A detailed description of the EROD assay is provided elsewhere
(Head and Kennedy, 2007b; Kennedy et al., 1995). In brief, 3 replicate
plates of hepatocytes per chemical were incubated at 37.5 °C in the
presence of nicotinamide adenine dinucleotide phosphate (NADPH, re-
duced) and 7-ethoxyresorufin for 7 min. Reactions were stopped by the
addition of cold acetonitrile containing fluorescamine. Standard curves
of resorufin and protein were prepared on each 48-well plate for each
run. Plates were analyzed for both EROD activity (excitation wave-
length: 530 nm, emission wavelength: 590 nm) and total protein
concentration (excitation wavelength: 400 nm, emission wavelength
460 nm) using a Cytofluor 2350 fluorescence plate reader.

RNA isolation and complementary DNA synthesis

Total RNA was extracted from 48-well plates using RNeasy 96 kits
(Qiagen, Mississauga, Ontario, Canada) according to the manufacturer's
instructions with modifications described elsewhere (Head and
Kennedy, 2007a). An on-column DNAse treatment was performed
and, to ensure the maximal removal of genomic DNA, total RNA was
treated a second time with DNAse from the Ambion TURBO DNA-free
kit (Ambion, Austin, TX) according to the manufacturer's instructions.
Total RNA was reverse transcribed to complementary DNA (cDNA)
with Superscript II Reverse Transcriptase and random hexamers
(Invitrogen, Burlington, Ontario, Canada) as per manufacturer's instruc-
tions. From each plate, a control without reverse transcriptase enzyme
was included to verify the absence of genomicDNA in the RNA template.

Quantitative Polymerase Chain Reaction (QPCR)

Multiplex QPCR assays using dual-labelled fluorescent hydrolysis
probes (Hervé et al., 2010) were used to quantify CYP1A4, CYP1A5 and
β-actin (normalizer gene) mRNA abundance in chicken and Japanese
quail embryo hepatocytes exposed to TCDD and PCBs. With the excep-
tion of primers and probes, all QPCR reactions were carried out using re-
agents from Stratagene and either the Stratagene Mx3000P or Mx3005
instrument (Stratagene, La Jolla, CA, USA). All primers (Invitrogen) and
probes (Biosearch, Novato, CA, USA)were designed and validated as pre-
viously described (Hervé et al., 2010). Taqman reactionswere performed
using Brilliant Multiplex QPCR Mastermix kits (Agilent Technologies,
Santa Clara, CA, USA). Each 25 μl reaction contained forward and reverse
primers and probes for the genes of interest (CYP1A4, CYP1A5) and the
normalizer gene (β-actin), 1×Multiplex QPCRmastermix, 30 nM refer-
ence dye (ROX) and 5 μl of cDNA. The thermal profile for all reactions
was as follows: 10 min at 95 °C, followed by 40 cycles of 95 °C for 30 s
and 60 °C for 1 min. Data were collected at the end of the 60 °C phase.
Each assay was performed once with samples in duplicate. Fold changes
of CYP1A4/5 mRNA expression in TCDD- and PCB-treated hepatocytes
were quantified using the 2−ΔΔCt method (Livak and Schmittgen, 2001).

EROD and CYP1A4/5 mRNA data analysis

Fluorescence data were imported into GraphPad (GraphPad Prism 5.0
software, San Diego, CA, USA) for curve fitting. EROD activity data mea-
sured in chicken, ring-necked pheasant and Japanese quail embryo hepa-
tocytes were fit to a modified Gaussian curve as explained elsewhere
(Kennedy et al., 1993). For each chemical, three EROD curveswere gener-
ated from three separate cell culture plates. The TCDDand PCB concentra-
tions that elicited a response equal to 20, 50 and80%of the TCDDmaximal
response in a given species (TCDD20, TCDD50 and TCDD80), EC50 and
maximal response values are presented as the mean value of replicates
obtained from three 48-well plates±standard error (SE). ECthreshold
values, which represent the concentration of a compound that elicited a
significantly greater EROD response thanDMSO-treated cells, were deter-
mined from concentration–response curves averaged from 3 replicate
curves using a one-way analysis of variance (ANOVA) (pb0.05) with a
Dunnett's post-hoc test (pb0.05). Only the concentrations that elicited a
response less than 20% of the TCDD maximal response were included in
the statistical analysis.

CYP1A4/5mRNA expression datameasured in chicken and Japanese
quail embryo hepatocytes were fitted to a four-parameter logistic
model as described previously (Head and Kennedy, 2007b). The equa-
tion integrates the hillslope, EC50, baseline response and maximal re-
sponse as parameters. A single curve fit was generated for induction
of CYP1A4/5 mRNA expression using data from the average of three
wells from the same cell culture plate, assessed in duplicate. EC50±SE,
TCDD20, TCDD50, TCDD80 and maximal responses±SE were calculated
from the curve fit. ECthreshold values for CYP1A4/5 mRNA expression
were determined from a single concentration–response curve using a
one-way ANOVA (pb0.05) with a Dunnett's post-hoc test (pb0.05).
Only the concentrations that elicited a response less than 20% of the
TCDD maximal response were included in the statistical analysis.

Statistical differences among EC50, TCDD20, TCDD50, TCDD80 and
maximal response values for EROD activity or CYP1A4/5 mRNA expres-
sion were determined by performing a one-way ANOVA (pb0.05)
followed by Tukey's post-hoc test (pb0.05).

Calculation of relative sensitivity (ReS) and relative potency (ReP)

Since the chicken is considered to be the most sensitive avian spe-
cies to the toxic and biochemical effects of DLCs (Head et al., 2008;
Hervé et al., 2010), the sensitivity of the ring-necked pheasant and Jap-
anese quail were expressed relative to chicken for EROD activity and
CYP1A4/5 mRNA expression. Full concentration–response curves were
not always obtained, and in these cases an EC50 value could not be cal-
culated. Therefore, ECthreshold values were used to calculate ReS values
for each species and endpoint measured. For concentration–response
curves that did achieve a maximal response, EC50-based ReS values
were also calculated for comparison to ECthreshold-based ReS values
(Table S1). ReS values were calculated as follows: EC50 or ECthreshold of
compound x in chicken÷EC50 or ECthreshold of compound x in species
of interest.

The maximal responses and slopes of concentration–response curves
differed amongDLC treatments. Therefore, the potency of PCBswasmea-
sured relative to TCDD using the systematic framework proposed by
Villeneuve et al. (2000) with some modifications. ReP values based on
TCDD20, TCDD50 and TCDD80 values obtained from the Gaussian curves
or four parameter logistic models (RePTCDD20, RePTCDD50 and RePTCDD80)
were calculated. If the maximal response or highest observed response
of the PCB congener was less than 80% of the TCDD maximal response,
a ReP estimate corresponding to the highest observed response for that
PCB congener (RePTCDDmax) was also calculated. If the highest observed
responsewas less than 20% of the TCDDmaximal response, a RePwas cal-
culated based on ECthreshold values. ReP values were calculated as follows:
EC50, TCDD20, TCDD50, TCDD80, TCDDmax or ECthreshold of TCDD in species
x÷EC50, TCDD20, TCDD50, TCDD80, TCDDmax or ECthreshold of the DLC con-
gener of interest in species x.

Results and discussion

Concentration-dependent effects of TCDD and PCBs on CYP1A induction

All DLCs significantly induced EROD activity in a concentration-
dependent manner in chicken, ring-necked pheasant and Japanese quail
embryo hepatocytes (Figs. 1 and 2).Maximal EROD activitywas followed
by a decrease in activity at higher DLC concentrations, but this decrease



Fig. 1. Concentration-dependent effects of TCDD, PCB 126, PCB 77, PCB 105-RG and PCB 118-RG on EROD activity in chicken, ring-necked pheasant and Japanese quail embryo hepatocyte cul-
tures exposed for 24 h. Points representmeanERODactivity obtained from3 replicate cell culture plates±standard error. Eachplate received triplicate doses of each concentration of TCDD, PCB
126, PCB 77, PCB 105-RG and PCB 118-RG.
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was not due to cytotoxicity, as measured by the Calcein-AM assay (data
not shown). EC50, ECthreshold, TCDD values andmaximal responses associ-
ated with each EROD curve are presented in Table 1. Significant differ-
ences in EC50, TCDD values and maximal EROD activity among DLC
treatments are also indicated.

CYP1A4 and CYP1A5 mRNA were induced in a concentration-
dependentmanner by all DLCs tested in chicken and Japanese quail em-
bryo hepatocytes (Figs. 3 and4). Therewere no significant differences in
β-actin mRNA expression among hepatocytes treated with graded con-
centrations of TCDD or PCBs, indicating that changes in CYP1A4/5mRNA
expression were not a result of altered β-actin expression. EC50,
ECthreshold, TCDD values and maximal responses associated with each
curve are presented in Table 2.

Significant differences in maximal EROD activity and CYP1A4/5
mRNA expression were observed both among DLCs in a given species
and among species exposed to a given DLC (Tables 1 and 2, Figs. 1 and
3). DLCs may induce different CYP1A responses due to ligand-specific
differences in AHR conformation, resulting in altered co-activator re-
cruitment and interactions with xenobiotic response elements (XREs)
(Denison et al., 2011; Hestermann et al., 2000; Zhou et al., 2003). How-
ever, differences in cell uptake or metabolism could also contribute to
differences in maximal CYP1A responses among DLCs (Hestermann
et al., 2000). Interspecies variation in CYP1A expression may be due to
differences in the AHR amino acid sequence, leading to differences in
ligand-receptor conformation (Abnet et al., 1999; Zhou et al., 2003). Al-
ternatively, interspecies differences in CYP1A catalytic activity (Darwish
et al., 2010; Martignoni et al., 2006) could explain differences in maxi-
mal EROD activity among species.

Relative species sensitivity to CYP1A induction by DLCs

ECthreshold-based ReS values (ReSthr) indicated that the chicken was
the most sensitive species, the ring-necked pheasant was moderately
Fig. 2. Concentration-dependent effects of reagent-grade (RG) versus purified (P) solutions of PCB
exposed for 24 h. Points represent mean EROD activity obtained from 3 replicate cell culture plat
sensitive and the Japanese quail was the least sensitive to induction of
EROD activity by TCDD, PCB 126 and PCB 77 (Table 3). Similar trends
were observed from EC50-based ReS values. EC50 values for PCB 126
and 77 were significantly different among the three species (Table S1).
The EC50 value for TCDD in chicken hepatocytes was significantly lower
than that in Japanese quail hepatocytes; however the chicken and ring-
necked pheasant EC50s for TCDD were not significantly different. ReSthr
values for CYP1A4/5 mRNA also indicated that Japanese quail were less
sensitive than the chicken to TCDD, PCB 126 and PCB 77 (Table 3, Table
S1). Similar results were obtained from EC50-based ReS values; however,
an EC50 could not be determined in Japanese quail embryo hepatocytes
exposed to PCB 77, since no maximal response for CYP1A4/5 mRNA ex-
pression was achieved.

The ring-necked pheasant and Japanese quail were equally sensitive
or more sensitive to PCB 105-P, 105-RG, 118-P or 118-RG than the chick-
en based on ReSthr values for EROD activity (Table 3). No differenceswere
observed between EROD EC50 values for chicken and ring-necked pheas-
ant hepatocytes dosed with PCB 105-RG or 118-RG, while EC50 values for
PCB 105-RG, 118-P and 118-RG in Japanese quail hepatocyteswere signif-
icantly lower than those measured in chicken and ring-necked pheasant
hepatocytes (Table S1). The chicken and Japanese quail had similar sensi-
tivities to induction of CYP1A4/5mRNAexpression by PCB105-P, 105-RG,
118-P and 118-RG based on ReSthr values and EC50-based ReS values
(Table 3, Table S1).

Avian species sensitivity to dioxins, furans and PCBs has been related
to the identity of amino acids at positions 324 and 380 within the AHR1
ligand binding domain (Cohen-Barnhouse et al., 2011; Farmahin et al.,
2012; Head et al., 2008; Hervé et al., 2010; Karchner et al., 2006;
Manning et al., 2012). The results of AHR1 ligand binding domain se-
quencing for 86 avian species indicate that birds can be divided into
one of 3 main groups based on the amino acids at these sites — type 1:
Ile324_Ser380, type 2: Ile324_Ala380 and type 3: Val324_Ala380 (Head
et al., 2008; Farmahin et al., in press). ReS values for ring-necked pheasant
105 and PCB 118 on EROD activity in chicken and Japanese quail embryo hepatocyte cultures
es±standard error. Each plate received triplicate doses of each PCB concentration.

image of Fig.�2


Table 1
Endpoints determined for EROD activity in chicken, ring-necked pheasant and Japanese quail embryo hepatocyte cultures exposed to TCDD, PCB 126, PCB 77, PCB 105-P, PCB 105-RG, PCB
118-P and PCB 118-RG. EC50, TCDD20, TCDD50, TCDD80, TCDDmax and maximal responses represent the average of three replicates±standard error (SE). ECthreshold (ECthr) values were
determined from a single concentration–response curve averaged from 3 replicate curves using a one-way ANOVA (pb0.05) followed by Dunnett's test (pb0.05).

Species Compound EC50±SE
(nM)

ECthr

(nM)
TCDD20±SE⁎
(nM)

TCDD50±SE⁎
(nM)

TCDD80±SE⁎
(nM)

TCDDmax±SE
(nM)

Maximal response±SE
(pmol/min/mg protein)

Chicken TCDD 0.027±0.004a 0.00030 0.0058±0.0008a 0.028±0.004a 0.10±0.01a N/A 373±14a

PCB 126 0.043±0.001a 0.030 0.010±0.0004a 0.055±0.001b 0.26±0.01b N/A 335±4a

PCB 77 0.38±0.04b 0.030 0.12±0.01b 0.56±0.04c 2.85±0.12c N/A 304±2a

PCB 105-P 10.7±2.3c 3.00 N/A 59.8±4.4b

PCB 105-RG 15.2±0.4c 10.0 N/A 53.8±4.3b

PCB 118-P 16.5±1.1c 3.00 37.7±9.0c 55.1±14 96.4±9.3b

PCB 118-RG 16.6±1.1c 10.0 16.7±6.0c 44.6±16d 40.8±13 183±39c

Ring-necked TCDD 0.047±0.007a 0.0030 0.0063±0.002a 0.050±0.02a 0.31±0.1 N/A 174±7a

pheasant PCB 126 0.43±0.06b 0.10 0.26±0.02b 1.73±0.18b 2.77±0.60 104±5b

PCB 77 3.77±0.20c 1.00 6.88±1.0c 16.6±4.2 60.6±3.0c

PCB 105-RG 17.4±2.2d 30.0 N/A 21.4±2.4d

PCB 118-RG 20.5±4.1d 10.0 70.3±16d 88.0±32.8 46.6±2.5c

Japanese quail TCDD 0.13±0.04a 0.030 0.028±0.01a 0.13±0.03a 0.60±0.2 N/A 137±10a

PCB 126 3.79±0.73b,c 1.00 2.69±0.62b 10.5±0.7b 13.4±0.2 73.2±11b

PCB 77 11.2±1.2b 100 15.6±5.0b,c 63.3±26 59.0±12b,c

PCB 105-P 4.13±1.5b,c 3.00 5.95±1.8b,c 24.9±14 53.6±3.2b,c

PCB 105-RG 1.66±0.52c 1.00 14.8±7.6b,c 24.2±15 31.2±1.7c

PCB 118-P 6.57±1.4b 3.00 36.0±16c 37.2±8.7 37.3±3.0b,c

PCB 118-RG 6.38±0.86b 10.0 9.01±3.2b,c 18.3±12 54.9±11b,c

Superscript letters indicate significant differences among treatments (pb0.05) within each species. If two values for a given species are significantly different, those values display
different superscript letters.
N/A: not applicable since response was either above 80% or below 20% of the TCDD maximal response.
⁎ TCDD20, TCDD50, and TCDD80 represent the TCDD and PCB concentrations that elicited a response equal to 20, 50 and 80% of the TCDD maximal response.
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and Japanese quail embryo hepatocytes exposed to TCDD, PCB 126 and
PCB 77 resembled ReS values obtained for in ovo toxicity in other type 2
and type 3 species, respectively (Head et al., 2008). Thus, the results
presentedherein support previousfindings that type1 species (e.g. chick-
en) are themost sensitive to CYP1A induction by TCDD, PCB 126 and PCB
77, type 2 species (e.g. ring-necked pheasant) are moderately sensitive
and type 3 species (e.g. Japanese quail) are the least sensitive (Head
et al., 2008; Manning et al., 2012). However, as was previously observed
Fig. 3. Concentration-dependent effects of TCDD, PCB 126, PCB 77, PCB 105-RG and PCB 118-RG o
24 h. Points represent mean fold change of three replicate wells from the same cell culture plate,
in avian embryohepatocytes dosedwith PeCDF andhexachlorobenzene
(Hervé et al., 2010;Mundy et al., 2010, 2012), the ring-necked pheasant
and Japanese quail were equally sensitive or more sensitive than the
chicken to CYP1A induction by PCB 105 and 118. These results are in
agreement with those of a previous study where EROD-based ReS
values for PCB 105 and 118 in ring-necked pheasant, turkey (Meleagris
gallopavo) (type 2 species) and duck (Anas platyrhynchos) (type 3 spe-
cies) hepatocyte cultures were similar to those calculated for chicken
n CYP1A4/5mRNA expression in chicken and Japanese quail hepatocyte cultures exposed for
assessed in duplicate±standard error.
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Fig. 4. Concentration-dependent effects of reagent-grade (RG) versus purified (P) solutions of PCB 105 and PCB 118 on CYP1A4/5 mRNA expression in chicken and Japanese quail embryo
hepatocyte cultures exposed for 24 h. Points represent mean fold change of three replicate wells from the same cell culture plate, assessed in duplicate±standard error.

Table 2
Endpoints determined fromCYP1A4/5mRNA expression in chicken and Japanese quail embryo hepatocyte cultures exposed to TCDD, PCB 126, PCB 77, PCB 105-P, PCB 105-RG, PCB 118-P
and PCB 118-RG for 24 h. EC50±standard error (SE), TCDD20, TCDD50, TCDD80, TCDDmax and maximal responses±SE were calculated from the curve fit. ECthreshold (ECthr) values were
calculated using a one-way ANOVA (pb0.05) followed by Dunnett's test (pb0.05).

Species Compound Endpoint EC50±SE
(nM)

ECthr

(nM)
TCDD20⁎

(nM)
TCDD50⁎

(nM)
TCDD80⁎

(nM)
TCDDmax

(nM)
Maximal response±SE
(fold change)

Chicken TCDD CYP1A4 0.046±1.4a 0.0010 0.0064 0.047 0.36 N/A 2780±130a

PCB 126 CYP1A4 0.080±1.4a 0.030 0.032 0.21 6.43 1950±66a,b

PCB 77 CYP1A4 18.6±1.2b 0.30 9.0 99.4 10,000 1670±76a,b

PCB 105-P CYP1A4 1490±3c 3.00 295 5301 1,200,000 2040±710a,b

PCB 105-RG CYP1A4 215±1b,c 10.0 766 64,500 669±72b

PCB 118-P CYP1A4 46.1±1.1b 10.0 31.7 80.8 949 1780±52a,b

PCB 118-RG CYP1A4 80.1±1.3b 10.0 20.4 73.8 246 N/A 2900±200a

Japanese quail TCDD CYP1A4 0.42±1.3a 0.0030 0.055 0.39 2.54 N/A 51.3±2.6a

PCB 126 CYP1A4 35.8±1.2b,c 3.00 16.6 61.1 18,200 38.2±1.8b

PCB 77 CYP1A4 NC 100 N/A 9.47±1.9†c

PCB 105-P CYP1A4 10.5±1.1b 3.00 N/A 8.15±0.18c

PCB 105-RG CYP1A4 9.84±1.3b 10.0 N/A 9.95±0.45c

PCB 118-P CYP1A4 22.3±1.2b,c 10.0 477 1340 12.0±0.4c

PCB 118-RG CYP1A4 49.8±1.7c 10.0 871 119,000 13.6±1.5c

Chicken TCDD CYP1A5 0.0072±1.8a 0.0010 0.0017 0.0068 0.025 N/A 166±11a

PCB 126 CYP1A5 0.057±1.4a 0.030 0.014 0.047 0.14 N/A 184±7a

PCB 77 CYP1A5 9.31±1.3b 1.00 3.0 28.6 2000 118±7a

PCB 105-P CYP1A5 842±6c 1.00 29.5 432 3911 N/A 197±79a

PCB 105-RG CYP1A5 309±2b,c 3.00 64.3 1559 327,000 115±25a

PCB 118-P CYP1A5 35.7±1.2b,c 1.00 9.82 36.5 139 N/A 162±6a

PCB 118-RG CYP1A5 50.4±1.6b,c 1.00 5.81 22.0 54.4 N/A 254±27a

Japanese quail TCDD CYP1A5 0.28±1.3a 0.0030 0.024 0.23 1.71 N/A 18.2±0.6a

PCB 126 CYP1A5 23.5±1.3b 10.0 12.3 56.3 4350 12.2±0.7b

PCB 77 CYP1A5 NC 100 553 995 5.66±0.83†c

PCB 105-P CYP1A5 7.12±1.3c 1.00 14.4 28,400 5.97±0.22c

PCB 105-RG CYP1A5 7.32±1.3c 3.00 9.43 114 6.54±0.27c

PCB 118-P CYP1A5 14.7±1.2b,c 3.00 37.3 4180 5.82±0.17c

PCB 118-RG CYP1A5 12.8±1.3b,c 10.0 24.9 23,300 7.54±0.36c

Superscript letters indicate significant differences among treatments (pb0.05) within each species. If two values for a given species are significantly different, those values display
different superscript letters.
N/A: not applicable since response was either above 80% or below 20% of the TCDD maximal response.
NC: EC50 not calculated since maximal response was not reached.
⁎ TCDD20, TCDD50, and TCDD80 represent the TCDD and PCB concentrations that elicited a response equal to 20, 50 and 80% of the TCDD maximal response.
† No maximal response was reached. Values represent highest observed response.

43G.E. Manning et al. / Toxicology and Applied Pharmacology 266 (2013) 38–47

image of Fig.�4


Table 3
Relative sensitivity (ReS) and relative potency (ReP) values obtained from EROD activity, CYP1A4/5 mRNA expression and luciferase reporter gene (LRG) activity. ECthreshold-based ReS
values (ReSthr) for the ring-necked pheasant and Japanese quail were calculated relative to the chicken. Average relative potency values (RePavg) for PCB 126, 77, 105 and 118 relative
to TCDD were calculated from ECthreshold-, TCDD20-, TCDD50-, TCDD80- and TCDDmax-based ReP values.

Species Compound ReSthr RePavg

EROD CYP1A4 CYP1A5 LRGa EROD CYP1A4 CYP1A5 LRGa

Chicken TCDD 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
PCB 126 1.00 1.00 1.00 1.00 0.36 0.12 0.12 0.074
PCB 77 1.00 1.00 1.00 1.00 0.035 0.0011 0.00046 0.0021
PCB 105-P 1.00 1.00 1.00 1.00 0.00010 0.000091 0.00027 0.000030
PCB 105-RG 1.00 1.00 1.00 1.00 0.000030 0.000036 0.000091 0.000030
PCB 118-P 1.00 1.00 1.00 1.00 0.0010 0.00025 0.00039 0.000062
PCB 118-RG 1.00 1.00 1.00 1.00 0.00041 0.00063 0.00052 0.000069

Ring-necked pheasant TCDD 0.10 0.10 1.00 1.00
PCB 126 0.30 0.030 0.022 0.037
PCB 77 0.030 0.033 0.00085 0.0010
PCB 105-RG 0.33 b0.33 0.000033 b0.00010
PCB 118-RG 1.00 b0.10 0.000092 b0.00010

Japanese quail TCDD 0.010 0.33 0.33 0.0030 1.00 1.00 1.00 1.00
PCB 126 0.010 0.010 0.0030 0.030 0.016 0.0027 0.0016 0.32
PCB 77 0.0010 0.0030 0.010 0.0048 0.0010 0.000030 0.000041 0.0048
PCB 105-P 0.30 1.00 1.00 b0.33 0.0057 0.0010 0.0016 b0.0033
PCB 105-RG 10.00 1.00 1.00 b0.33 0.011 0.00030 0.0014 b0.0033
PCB 118-P 1.00 1.00 0.33 0.10 0.0039 0.00015 0.00055 0.0033
PCB 118-RG 1.00 1.00 0.10 0.10 0.0030 0.00012 0.00043 0.0033

a LRG assay ReS and ReP values from Manning et al. (2012).
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hepatocyte cultures (Kennedy et al., 1996). Ligand-dependent differ-
ences in binding with the different AHR1 types could explain such re-
versals in relative species sensitivity and could be determined by
AHR1 binding assays or homology modeling studies.

Relative PCB potency in chicken, ring-necked pheasant and Japanese quail
hepatocyte cultures

Based on average ReP values (RePavg) (Table 3), visual inspection of
concentration–response curves (Figs. 1 and 2) and the results of statistical
analyses performed among EROD endpoints for different DLC treatments
in a given species (Table 1), the rank order of DLC potency was:
TCDD≥PCB 126>PCB 77>PCB 118-P≈PCB 118-RG≥PCB 105-P≈PCB
105-RG in chicken hepatocytes, TCDD>PCB 126>PCB 77>PCB 118-
RG≥PCB 105-RG in ring-necked pheasant hepatocytes and TCDD>PCB
126≥PCB 105-RG≈PCB 105-P≈PCB 118-RG≈PCB 118-P≈PCB 77 in
Japanese quail hepatocytes. The rank order of DLC potency for CYP1A4/
5 mRNA expression based on RePavg values (Table 3), visual inspection
of concentration–response curves (Figs. 3 and 4) and the results of statis-
tical analyses performed amongmRNAexpression endpoints for different
DLC treatments in a given species (Table 2) was TCDD≥PCB 126>PCB
77≥PCB 118-RG≈PCB 118-P≥PCB 105-P≈PCB 105-RG in chicken he-
patocytes and TCDD>PCB 126≥PCB 105-P≈PCB 105-RG≥PCB
118-P≈PCB 118-RG>PCB 77 in Japanese quail hepatocytes. RePavg
values were calculated from ECthreshold-, TCDD20-, TCDD50-, TCDD80- and
TCDDmax-based ReP values. EC50-based ReP values were excluded from
the RePavg calculation since these values can often overestimate the po-
tency of PCBs with lower maximal responses than TCDD (Kennedy
et al., 1996).

The rank order of DLC potency and the ReP values obtained from
EROD and QPCR assays in chicken hepatocytes were generally similar
to those suggested by the WHO TEFs for birds (van den Berg et al.,
1998). However, the PCB 118 RePwas 1 to 2 orders ofmagnitude greater
than itsWHO TEF of 0.00001, and therefore had approximately the same
potency as PCB 105. This finding is consistentwith the results of previous
EROD studies where PCB 118 and PCB 105 were observed to be equally
potent in avian hepatocyte cultures from several species (Kennedy
et al., 1996). QPCR-based RePs for PCB 77 in chicken embryo hepatocytes
were 50 to 100 times lower than the WHO TEF value of 0.05, however,
this difference was not observed between the EROD-based ReP and TEF.
QPCR-based RePs for PCB 77 were also 3 orders of magnitude lower
than the corresponding EROD-based ReP in Japanese quail embryo hepa-
tocytes. This could be due to higher degradation rates for CYP1A mRNA
relative to CYP1Aprotein levels and CYP1A activity,whichwere previous-
ly observed in Sprague-Dawley rats, mummichog (Fundulus heteroclitus)
and striped bass (Morone saxatilis) exposed to β-naphthoflavone (BNF)
(Chen et al., 2010; Durieux et al., 2012; Kloepper-Sams and Stegeman,
1989). Treatment-related differences in CYP1A1 mRNA and protein
level profiles were also observed in rainbow trout hepatocytes exposed
to BNF and TCDD and were attributed to increased metabolism and inac-
tivation of BNF, relative to TCDD (Pesonen et al., 1992). Since PCB 77 is
more easily metabolized than other DLCs, such as TCDD and PCB 126
(Bastien et al., 1997), mRNA levels likely decline at a faster rate, which
could explainwhydifferences between ERODandQPCR-basedReP values
are not observed to the same extent with the other PCBs tested.

EROD andQPCR-based RePs for PCB 126 in the ring-necked pheasant
and Japanese quail were between 1 and 2 orders of magnitude lower
than the chicken ReP (Table 3) and WHO TEF value of 0.1. LD50-based
ReP values for PCB 126were also lower in the double-crested cormorant
(Phalacrocorax auritus; type 3) than in the chicken; however the ReP
values for each of these species were within one order of magnitude of
each other (Farmahin et al., in press; Powell et al., 1996, 1998).
EROD-based RePs for PCB 77 in the ring-necked pheasant and Japanese
quail were 1 to 2 orders of magnitude lower than the chicken ReP
(Table 3) and the WHO TEF value of 0.05. The lower PCB 126 and 77
RePs observed in the ring-necked pheasant and Japanese quail indicate
that the WHO TEFs may overestimate the potency of PCB 126 and 77 in
these species and other type 2 and type 3 species of birds. Although
the TEQ concentrations observed in tree swallow (Tachycineta bicolor;
type 2) eggs along the Hudson River of New York, USA (1.73–12.7 ng/g
TEQ) were up to 10 times greater than the TCDD LD50 of 1.2 ng/g in
ring-necked pheasant embryos (Cohen-Barnhouse et al., 2011; Secord
et al., 1999), only slight effects on reproductive success and parental be-
haviorwere observed (McCarty andSecord, 1999). Since PCB 77 contrib-
uted 82–87% of the TEQs measured in tree swallow eggs and nestlings
(Secord et al., 1999), overestimation of the PCB 77 TEF by 1 to 2 orders
of magnitude in type 2 species could explain the lack of significant
embryolethal effects in tree swallows along the Hudson River.

While PCB 126 and 77 RePs in ring-necked pheasant and Japanese
quail hepatocytes were below the WHO TEFs, EROD- and QPCR-based
RePs for PCB 105 in Japanese quail hepatocytes were 1 to 2 orders of
magnitude greater than their corresponding TEF value of 0.0001 and
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the RePs for PCB 105 in chicken hepatocytes (Table 3). PCB 118 RePs in
chicken, ring-necked pheasant and Japanese quail embryo hepatocytes
were also 1 to 2 orders of magnitude greater than the PCB 118 TEF.
These in vitro results indicate that the current TEFs for birdsmay underes-
timate the relative potency of PCB 105 in Japanese quail and other type 3
species and the relative potency of PCB 118 in most avian species. Addi-
tional egg injection studies with PCB 105 and 118 could be performed
to test whether this is also the case in ovo. The potency of PCBs relative
to TCDD varies significantly between the chicken, ring-necked pheasant
and Japanese quail, and is likely a result of differences in relative species
sensitivity to different PCBs. Therefore, the application of one set of TEF
values for calculating TEQs in all species of birds may not be appropriate.

Effects of contamination on RePs for mono-ortho PCBs

A previous study that investigated the effects of several purified
mono-ortho PCBs on AHR-dependent gene expression in mouse and
rat hepatoma cell lines found that PCB 105 and 118 RePs were 50 to
100 times lower than WHO mammalian TEFs (Peters et al., 2006). The
authors suggested that the differences between the ReP values obtained
from their study and corresponding TEF values may have been due to
contamination of mono-ortho PCB solutions with more potent AHR ag-
onists in previous studies that were used to derive the WHO TEFs
(Peters et al., 2006).We further tested this hypothesis by comparing in-
duction of EROD activity and CYP1A4/5 mRNA expression in avian he-
patocyte cultures exposed to either reagent-grade or purified PCB 105
and 118. PCB 77 was the major contaminant identified in PCB 105-P,
105-RG, 118-P and 118-RG (Manning et al., 2012). PCB 118-RG had
the highest levels of PCB 77 (2470 ppm), whereas the PCB 77 concen-
trations found in PCB 105-P, 105-RG and 118-P were approximately
20 ppm (Manning et al., 2012).

The maximal EROD response induced by PCB 118-RG (183 pmol/
min/mg protein) in chicken hepatocytes was greater than that induced
by PCB 118-P (94.6 pmol/min/mgprotein) (Table 1, Fig. 2) but no further
differences in RePavg, EC50, ECthreshold or TCDDx values were observed be-
tween purified and reagent-grade PCBs (Tables 1 and 2, Figs. 2 and 4).
Furthermore, RePavg values between reagent-grade and purified PCBs
differed by amaximumof 3-fold (Table 3), indicating that contamination
ofmono-ortho PCB solutions did not lead to significant overestimation of
their ReP values for CYP1A induction in avian hepatocyte cultures.

Comparisons between CYP1A induction in avian hepatocyte cultures,
luciferase reporter gene (LRG) activity and in ovo toxicity

EROD- andCYP1A4/5mRNAexpression-based ReS andReP values for
TCDD and PCB 126, 77, 105-P, 105-RG, 118-P and 118-RG in the chicken,
ring-necked pheasant and Japanese quail were compared to values pre-
viously obtained from an LRG assaymeasuring induction of a CYP1A5 re-
porter gene (Table 3) (Manning et al., 2012). ReSthr values for a given
species and DLC were generally within one order of magnitude between
the EROD, QPCR and LRG assays. A greater range in Japanese quail ReSthr
values for TCDD was observed where EROD and LRG assay ReSthr values
were similar but were 30 to 100 times lower than the QPCR-based ReSthr
values. The rank order of species sensitivity obtained from EROD, QPCR
and LRG assays was generally similar for TCDD, PCB 126 and PCB 77.
However, ring-necked pheasant and Japanese quail AHR1 constructs ex-
posed to PCB 105 and 118were less sensitive than the chicken constructs
in the LRG assay (Manning et al., 2012), whereas ring-necked pheasant
and Japanese quail hepatocytes exposed to these PCBs were equally sen-
sitive or more sensitive than chicken hepatocytes. Since little or no in-
duction of luciferase activity was observed in cells transfected with
type 2 and type 3 AHR1 constructs and exposed to PCB 105 and 118,
the limited sensitivity of the LRG assay likely affected our ability to com-
pare the effects of PCB 105 and 118 among AHR1 constructs.

The rank order of DLC potency observed from EROD and CYP1A4/5
mRNA expression in chicken and ring-necked pheasant hepatocyte
cultures was similar to that observed for chicken and ring-necked
pheasant, as well as other type 1 and type 2 AHR1 constructs in the
LRG assay (Manning et al., 2012). Although LRG assay results indicated
that PCB 126wasmore potent than PCB 77, 105 and 118 in the Japanese
quail and other type 3 AHR1 constructs (Manning et al., 2012), the re-
sults of ERODandQPCR assays revealed that PCB 126was approximately
as potent as these congeners in Japanese quail embryo hepatocytes. Lim-
ited sensitivity of the LRG assay could have also affected ReP estimates
for PCB 77, 105 and 118 since little or no luciferase activity was induced
by these PCBs in type 3 constructs (Manning et al., 2012).

Linear regression analyses between reporter gene activity data and
EROD activity or CYP1A4/5 mRNA expression data were conducted.
The results of the linear regressions comparing ECthreshold values from
the LRG, EROD and QPCR assays are presented in Fig. 5. LRG and EROD
assay EC50, ECthreshold and TCDD20 values were significantly correlated
(0.81≤R2≤0.92, p≤0.0061), whereas weaker relationships were ob-
served between LRG activity and CYP1A4 (0.74≤R2≤0.82, p≤0.0622)
or CYP1A5 (0.62≤R2≤0.84, p≤0.0285) mRNA expression (Table S3).
These findings are consistent with the observation that ReS and
ReP values obtained from the EROD and LRG assays were generally si-
milar, whereas notable differences between EROD/LRG activity- and
CYP1A4/5 mRNA expression-based ReS and ReP values were identified
(Table 3).

Significant or near-significant relationships were also observed be-
tween in ovo LD50 data from the literature (Table S2) andEC50, ECthreshold
and TCDD20 values measured for EROD activity (0.91≤R2≤0.98,
p≤0.0011), CYP1A4 mRNA expression (0.76≤R2≤0.81, p≤0.0229)
and CYP1A5 mRNA expression (0.58≤R2≤0.81, p≤0.0766) (Fig. 6,
Table S4). Stronger relationships were observed between LD50 data
and EROD activity than between LD50s and CYP1A4/5mRNA expression.
LRG assay endpoints were also significantly associated with in ovo LD50

values (Manning et al., 2012), indicating that AHR1-induced enzyme ac-
tivity better predicts DLC-induced embryolethality than CYP1A4/5
mRNA expression. Although similar trends in CYP1A mRNA induction
and EROD activity are often observed, factors other than mRNA induc-
tion, including mRNA stability and protein turnover, signal sensing
and transduction, and post-translational modifications of proteins can,
influence protein levels and activity (Regoli et al., 2011). Because pro-
teins, rather than mRNA, are the actors in cellular reactions, measures
of protein activity are more biologically relevant thanmRNA expression
(Heijne et al., 2005). Thus, ReS and ReP values determined from EROD
and LRG activity are likely to be more representative of in ovo toxicity-
based ReS and ReP values than those based on CYP1A4/5 mRNA expres-
sion. The EROD assay is considerably quicker and cheaper to use than
QPCR and therefore, represents amore economical and useful screening
tool for predicting overt toxicity of DLCs compared to QPCR.
General conclusions

The results obtained for EROD activity and/or CYP1A4/5 mRNA ex-
pression in chicken, ring-necked pheasant and Japanese quail embryo
hepatocytes support and complement the findings previously
obtained from the LRG assay (Manning et al., 2012). As predicted by
the LRG assay, the chicken was the most sensitive species to induction
of CYP1A by TCDD, PCB 126 and PCB 77. However, the ring-necked
pheasant and Japanese quail were either equally sensitive or more
sensitive than the chicken to CYP1A induction by PCB 105 and 118.

Significant differences in PCB ReP values were observed among spe-
cies. While the chicken RePs generally resembled the WHO TEF values,
ReP values for PCB 126 and 77 in ring-necked pheasant and Japanese
quail hepatocytes were lower than those measured in chicken hepato-
cytes. In contrast, RePs for PCB 105 and 118 in the Japanese quail were
higher than those in the chicken. These findings can be extrapolated
to other avian species based on their AHR1 genotype (Manning et al.,
2012; Farmahin et al., in press) and could be used, alongwith the results



Fig. 5. Correlation between ECthreshold values from a luciferase reporter gene (LRG) assay
(Manning et al., 2012) and ECthreshold data for (a) EROD activity, (b) CYP1A4 mRNA expres-
sion and (c) CYP1A5 mRNA expression in the chicken (C), ring-necked pheasant (P) and
Japanese quail (JQ).

Fig. 6. Correlation between LD50 values obtained from the literature and ECthreshold data for
(a) EROD activity (b) CYP1A4 mRNA expression and (c) CYP1A5 mRNA expression in the
chicken (C), ring-necked pheasant (P) and Japanese quail (JQ).
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of additional in vitro and in vivo studies, to develop ReP values based on
a species' AHR1 genotype.

Finally, EROD activity in avian hepatocyte cultures was more strongly
associated with both luciferase activity in cells transfected with avian
AHR1 constructs and in ovo PCB toxicity than CYP1A4/5 mRNA expres-
sion. This supports the selection of the EROD assay over the QPCR
assay for relating changes in CYP1A gene expression to overt toxicity
of PCBs. The results presented herein support those obtained from the
LRG assay (Manning et al., 2012) and indicate that AHR1-mediated in-
duction of enzyme activity is strongly associated with PCB-induced
embryolethality in several species of birds. To overcomeproblems asso-
ciated with the limited sensitivity of the LRG assay that arise when test-
ing the effects of weak AHR agonists, the EROD and LRG assays can be
used in a complementary fashion to reduce the number of animals re-
quired for predicting DLC toxicity.
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Appendix A. Supplementary data

Supplementary data includes EC50-based ReS values (Table S1) and in
ovo LD50 values collected from the literature for the chicken, ring-necked
pheasant and Japanese quail (Table S2). Linear regression equations and
associated R2 and p values are also provided for the relationships be-
tween reporter gene activity and EROD activity or CYP1A4/5 mRNA ex-
pression (Table S3) and between in ovo toxicity and EROD activity or
CYP1A4/5 mRNA expression (Table S4).

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.taap.2012.10.030.
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